Observations on naturally occurring gaps in the axonal neurofilament array of cultured neurons have demonstrated that neurofilament polymers move along axons in a rapid, intermittent, and highly asynchronous manner. In contrast, studies on axonal neurofilaments using laser photobleaching have not detected movement. Here, we describe a modified photobleaching strategy that does permit the direct observation of neurofilament movement. Axons of cultured neurons expressing GFP-tagged neurofilament protein were bleached by excitation with the mercury arc lamp of a conventional epifluorescence microscope for 12-60 s. The length of the bleached region ranged from 10 to 60 m. By bleaching thin axons, which have relatively few neurofilaments, we were able to reduce the fluorescent intensity enough to allow the detection of neurofilaments that moved in from the surrounding unbleached regions. Time-lapse imaging at short intervals revealed rapid, intermittent, and highly asynchronous movement of fluorescent filaments through the bleached regions at peak rates of up to 2.8 m/s. The kinetics of movement were very similar to our previous observations on neurofilaments moving through naturally occurring gaps, which indicates that the movement was not impaired by the photobleaching process. These results demonstrate that fluorescence photobleaching can be used to study the slow axonal transport of cytoskeletal polymers, but only if the experimental strategy is designed to ensure that rapid asynchronous movements can be detected. This may explain the failure of previous photobleaching studies to reveal the movement of neurofilament proteins and other cytoskeletal proteins in axons.
INTRODUCTION
Slow axonal transport is the mechanism by which cytoskeletal and cytosolic proteins are transported along axons from their site of synthesis in the nerve cell body. During the past decade there have been numerous efforts to observe this movement directly in living cells, but these studies (Baas and Brown, 1997; Hirokawa et al., 1997) have yielded conflicting results. The two techniques that have been used the most widely are fluorescence photobleaching and photoactivation. In these related approaches, fluorescent or caged fluorescent cytoskeletal subunit proteins are injected into nerve cells and then a laser is used to bleach or activate the fluorescence in a short segment of axon. The bleached or activated proteins then are observed by time-lapse imaging to detect their movement.
The first photobleaching study (Keith, 1987) on slow axonal transport reported slow and synchronous movement of tubulin in cultured PC12 cells, but attempts to reproduce this result in cultured PC12 cells and cultured chick and mouse sensory neurons were unsuccessful (Lim et al., 1989; Lim et al., 1990; Hirokawa, 1990, 1992) . Subsequent photobleaching and photoactivation studies (Sabry et al., 1995; Takeda et al., 1995) on tubulin in the motor neurons of developing grasshopper and zebrafish embryos, as well as photobleaching studies (Okabe and Hirokawa, 1990; Takeda et al., 1994) on actin and neurofilament protein in cultured mouse sensory neurons, also failed to observe movement. Microtubules were observed to move in a slow and synchronous manner in cultured embryonic frog neurons (Reinsch et al., 1991; , but it now appears that this was caused by stretching of the growing axon and that it did not represent bona fide slow axonal transport (Okabe and Hirokawa, 1992; Chang et al., 1998) . The significance of the microtubule movement in frog neurons has not been resolved with certainty, but the failure of most photobleaching and photoactivation studies to detect movement appears to indicate that cytoskeletal proteins do not move en masse along axons (Brown, 2000) .
We have demonstrated the movement of neurofilament polymers in cultured nerve cells using green fluorescent protein (GFP) fused to the amino terminus of neurofilament protein M (Wang et al., 2000) , and very similar findings have been reported using GFP fused to the amino terminus of neurofilament protein H (Roy et al., 2000) . To observe movement, we took advantage of the discontinuous distribution of neurofilaments along axons of cultured rat sympathetic neurons, which results in naturally occurring gaps in the axonal neurofilament array. Time-lapse imaging revealed the rapid movement of neurofilament polymers through these neurofilament-deficient regions, but the movements were frequently interrupted by prolonged pauses. The neurofilaments moved at peak rates of up to 3 m/s, which approaches the rate of vesicle transport, but the movements were highly asynchronous and many of the neurofilaments did not move at all during the observation period. These observations suggest that the actual rate of movement in slow axonal transport is fast, but that the overall rate is slow because the rapid movements are interrupted by prolonged pauses (Brown, 2000) .
If rapid infrequent movements are a general feature of slow axonal transport, then why was this not observed in previous photobleaching and photoactivation studies on cytoskeletal proteins? One possible explanation is that those studies were designed with the explicit expectation of a slow and synchronous movement (Brown, 2000) . For example, it is important to note that the extent of bleaching in the photobleaching studies was only partial, typically reducing the fluorescent intensity in the axon by 50 -90% . If the residual unbleached fluorescence in the bleached region exceeded the fluorescent intensity of the moving polymers, then it is likely that their movement would not have been detected. In fact, Lim et al. (1990) estimated that as much as 10 -20% of the fluorescent protein could have moved through the photobleached regions without detection in their experiments, and similar detection limits also have been estimated for the fluorescence photoactivation technique (Sabry et al., 1995) . The inability of the photobleaching studies to detect movement may have been compounded by the length of the bleached regions (3-5 m), which is too short to allow filaments to be tracked through successive time-lapse intervals, and by the duration of the time-lapse intervals (typically 5 min or more), which is too long to enable rapid movements to be detected.
If the above reasoning is correct, then it should be possible to observe slow axonal transport with the use of fluorescence photobleaching if the experimental strategy is designed to ensure that rapid asynchronous movement of cytoskeletal polymers can be detected in the bleached regions. To test this hypothesis, we have modified the conventional photobleaching strategy that has been used in previous studies. By bleaching thin axons, which have relatively few neurofilaments, we were able to reduce the fluorescent intensity in the axon enough to allow the detection of neurofilaments that moved in from the surrounding unbleached regions. To enhance our ability to detect moving filaments, we bleached long regions of axon (10 -60 m in length) and acquired images using short time-lapse intervals (4-to 5-s duration). We observed rapid, intermittent, and highly asynchronous movement of neurofilaments through the bleached regions at peak rates of up to 2.8 m/s. A comparison of the motility in bleached regions and naturally occurring gaps indicates that there was no impairment associated with the photobleaching process. These results demonstrate that fluorescence photobleaching can reveal slow axonal transport, but only if the experimental strategy is designed to ensure the detection of rapid and asynchronous movements. This may explain the failure of previous photobleaching studies to reveal the movement of neurofilaments and other cytoskeletal proteins in axons.
MATERIALS AND METHODS

Cell Culture
Neurons dissociated from superior cervical ganglia of neonatal (P0-P1) rats were plated onto glass coverslips coated with poly-dlysine (Sigma, St. Louis, MO; Mw, 000) and Matrigel (Collaborative Research, Bedford, MA; 10 g/ml). Cultures were maintained at 37°C in Liebovitz's L-15 medium (GIBCO Life Technologies, Grand Island, NY; phenol red-free) supplemented with 0.6% glucose, 2 mM L-glutamine, 100 ng/ml 2.5S nerve growth factor (Collaborative Research), 10% adult rat serum (prepared by the method of Hawrot and Patterson, 1979) , and 0.5% hydroxypropylmethylcellulose (Methocel, Dow Corning, Midland, MI) as described by Koehnle and Brown (1999) .
Cloning and Transfection
The GFP-neurofilament protein M (NFM) expression vector, which directs the expression of the F64L/S65T variant of GFP (Clontech, Palo Alto, CA) linked to the amino terminus of rat NFM, has been described previously (Wang et al., 2000) . The purified plasmid (300 g/ml in 50 mM potassium glutamate; pH 7.0) was injected directly into the nucleus of cultured neurons with the use of a PLI-100 pressure injector (Harvard Apparatus, Holliston, MA). All injections were performed between 20 and 24 h after plating. Micropipettes were pulled from standard thick-wall borosilicate glass tubing (World Precision Instruments, Sarasota, FL) with the use of a P-97 Flaming-Brown pipette puller (Sutter Instruments, Novato, CA). In most experiments, the plasmid was coinjected with 1.25 mg/ml (Mw 10,000) tetramethylrhodamine dextran (Sigma) to allow visual confirmation of the injection procedure.
Live-cell Imaging and Fluorescence Photobleaching
All experiments were performed at 2-3 d after transfection. Cells were placed in a sealed chamber containing oxygen-depleted culture medium, as previously described (Wang et al., 2000) , and were maintained at ϳ 35°C on the stage of a Nikon Diaphot 300 inverted microscope (Nikon, Garden City, NY) with the use of a Nicholson ASI-400 Air Stream Incubator (Nevtek, Burnsville, VA). Axons were observed by differential interference contrast and epifluorescence microscopy with the use of a Nikon 100x/1.4NA Plan Apo oil immersion objective and an fluoresceinisothiocyanate (FITC)/EGFP filter set (HQ 41001, Chroma Technology, Brattleboro, VT). Images were acquired with the use of a Quantix cooled CCD camera (Roper Scientific, Trenton, NJ) equipped with a Kodak KAF1400 chip (Rochester, NY). The camera was operated at maximum gain with a readout rate of 5 MHz and no pixel binning. For photobleaching, the GFP was excited by continuous unattenuated illumination with the 100-W mercury arc lamp and an FITC/EGFP filter set for 12-60 s (average, 33 s; n ϭ 75). In general, the bleaching was performed in medial and distal regions of the axonal arbor at least 100 m from the growth cone. The radiance of the illumination at the specimen plane was 600 kW/m 2 (measured using a LI-190SA Quantum Sensor, LI-COR, Lincoln, NE), and the size of the photobleached region was adjusted in the range of 10 -60 m using a field aperture diaphragm in the epifluorescence illumination light path. For timelapse imaging, the epifluorescent illumination was attenuated to 10% of its original intensity using a neutral density filter and images were acquired with 1-s exposures at 4-or 5-s intervals. The delay between the end of the photobleaching and the start of the timelapse imaging was typically Ͻ2 min and was never more than 5 min. The number of regions bleached per neuron ranged from 1-6 (average, 2.9), but we never bleached more than one region within the same axonal branch (i.e., multiple bleached regions within a single cell were separated from each other by at least one major branch point).
Image Processing and Analysis
Motion analysis was performed by tracking the position of the leading or trailing ends of the filaments in successive time-lapse image frames using the Trackpoints drop-in motion analysis module of Metamorph software (Universal Imaging, Downingtown, PA). The average fluorescent intensity in bleached and unbleached axons was quantified using the segmented mask method developed by Brown et al. (1992) .
RESULTS
To observe neurofilaments by fluorescence microscopy, we transfected cultured neurons from the superior cervical ganglia of neonatal rats with a plasmid coding for rat neurofilament protein M linked at its N-terminus to GFP (GFP-NFM). In a previous study on these neurons (Wang et al., 2000) , we showed that 1) this plasmid directs the expression of the GFP-NFM fusion protein, 2) the GFP-NFM coassembles with endogenous neurofilament proteins, 3) Ն 96% of the GFP-NFM polymerizes, and 4) the GFP-NFM incorporates into all axonal neurofilaments. Thus, the presence of GFP at the N-terminus of NFM does not appear to interfere with the assembly properties of this neurofilament protein.
To detect the movement of neurofilaments across the photobleached regions, we selected thin axons, which are less bright because they contain fewer neurofilaments. We found that axons of this thickness could be bleached to the desired extent by continuous excitation of the GFP fluorescence for 12-60 s ( Figure 1A and B). The rate of bleaching in the illuminated region was most rapid initially and decreased in a nonlinear manner with increasing time ( Figure 1D ). After 60 s, the average fluorescent intensity in the bleached region was reduced by 95 Ϯ 3% (n ϭ 4). The photobleaching kinetics could not be modeled with a simple exponential function, which indicates that the decline in fluorescence was not a first-order process. We suspect that this was due to diffusion of fluorescent nonbleached neurofilament subunits into the illuminated region during the long photobleaching exposure. Inspection of the axons by differential interference contrast microscopy demonstrated that there was no alteration of axonal morphology associated with the bleaching process. Permeabilization of axons after photobleaching revealed that neurofilament polymers extended throughout the bleached region and that there was no alteration in the assembly state of the neurofilament protein associated with the bleaching process ( Figure 1C ).
Time-lapse imaging of photobleached axons revealed the movement of fluorescent structures into the bleached regions. We observed a total of 75 photobleached regions in 26 different cells, and the duration of the time-lapse movies ranged from 4 to 13 min. We analyzed the movement of all fluorescent structures that exhibited a net displacement of at least 10 pixels (0.685 m) during the entire observation period. Seventy-nine percent (n ϭ 72) of these structures were filamentous in shape and ranged from 0.7 to 15.8 m in length (average, 4.5 m; n ϭ 64). The average width of these fluorescent filaments was 0.28 Ϯ 0.05 m (n ϭ 48), which is comparable to the diffraction-limited resolution of the light microscope. For this reason, we cannot exclude the possibility that these fluorescent filaments may represent bundles of two or more neurofilaments. The remaining 21% (n ϭ 19) of the moving structures were not filamentous in appearance. Seventeen of these structures were punctate fluorescent dots with an average diameter of 0.30 Ϯ 0.03 m, also comparable to the diffraction-limited resolution, and the other two were fluorescent blobs that were larger than the diffractionlimited resolution. One of these blobs measured 1.2 m long and 0.48 m wide, and the other measured 1.7 m long and 0.41 m wide. Measurement of the total GFP fluorescence in dots, blobs, and filaments indicated that the filaments represented Ն97% of the transported GFP-NFM protein.
The fluorescent filaments moved rapidly, and their movements often were interrupted by prolonged pauses. For example, Figure 2 shows a short filament that moved through a photobleached region in an anterograde direction, pausing twice en route, and Figure 3 shows a longer filament that moved into a photobleached region in an anterograde direction and then stopped. Later footage of the latter filament (not shown) revealed that it remained paused for ϳ 6 min and then abruptly resumed its anterograde movement and exited the bleached region. The filaments in Figures 2 and 3 were typical of most filaments (64 of 72 filaments) in that they moved into the bleached regions after the start of the time-lapse imaging. These filaments were relatively bright because they originated from nonbleached regions of axon that flanked the bleached region. The remainder of the filaments (n ϭ 8) were located in the photobleached region at the start of the time-lapse imaging. Some of these filaments (n ϭ 4) were relatively bright, suggesting that they had moved into the photobleached region in the brief delay (typically a few minutes) between the end of the photobleaching and the start of time-lapse image acquisition. Other filaments (n ϭ 4) were relatively faint, suggesting that they may have moved into the bleached region during the photobleaching exposure. Figure 4 shows the motile behavior of six representative filaments. Filaments were observed to move in both directions, but 69% moved in a net anterograde direction. Many filaments exhibited brief reversals of direction, but we did not observe any reversals that were sustained for a duration of Ͼ 5 s or a distance of Ͼ 4.1 m. To analyze the pausing behavior of the filaments quantitatively, we defined pausing as a movement of less than one pixel per second (0.0685 m/s), which we estimate to be the precision limit of our measurements (Wang et al., 2000) . For the 72 filaments that we tracked, the average time spent pausing was 67%, but this is certain to be an underestimate for the entire neurofilament population because we could only track filaments that moved; filaments that paused throughout the observation period could not be detected because they did not move into the bleached region (Wang et al., 2000) . The average velocity, excluding pauses, ranged from 0.15 to 1.26 m/s in the anterograde direction (average, 0.56 m/s; n ϭ 50) and from 0.17 to 1.35 m/s in the retrograde direction (average, 0.62 m/s; n ϭ 22; Figure 5 ). The net average velocity for all the filaments, excluding pauses (considering anterograde velocities as positive and retrograde velocities as negative), was 0.18 m/s in the anterograde direction. The peak velocity ranged from 0.36 to 1.70 m/s in the anterograde direction (average, 1.07 m/s; n ϭ 50) and from 0.48 to 2.77 m/s in the retrograde direction (average, 1.52 m/s; n ϭ 22; Figure 5 ).
The movements of the dots and blobs were also frequently interrupted by pauses of varying duration. However, in contrast to the filaments, 88% (n ϭ 15) of the dots and 100% (n ϭ 2) of the blobs moved in a net retrograde direction. The average velocities of the fluorescent blobs, excluding pauses, were 0.16 and 0.78 m/s, respectively, in the retrograde direction (average, 0.47 m/s; n ϭ 2), and their peak velocities were 0.50 and 1.63 m/s, respectively, also in the retrograde direction (average, 1.07 m/s; n ϭ 2). On occasion, we have observed filamentous structures condense into blob-like struc- tures, which indicates that the blobs could represent filaments (or bundles of two or more filaments) that folded or looped back on themselves during their movement along the axon. Figure 6 shows an example of this behavior, in which a filament appeared to fold, unfold, and then refold over the course of 44 s. The average velocity of the fluorescent dots, excluding pauses, ranged from 0.06 to 0.10 m/s in the anterograde direction (average, 0.08 m/s; n ϭ 2) and from 0.13 to 0.60 m/s in the retrograde direction (average, 0.32 m/s; n ϭ 15). An example of the movement of a fluorescent dot is shown in Figure 7 . Many dots exhibited brief reversals of direction, but we did not observe any reversals that were sustained for a distance of Ͼ 4.1 m or for a duration of Ͼ 10 s. The average time spent pausing was 44%. Both of the dots that moved in a net anterograde direction exhibited frequent reversals, and the magnitude of the net anterograde movement was small. One of these dots had a peak velocity of 0.83 m/s in the retrograde direction, and the other dot had a peak velocity of 0.62 m/s in the anterograde direction. For the dots that moved in a net retrograde direction, the peak velocities were all retrograde and ranged from 0.39 to 1.11 m/s (average, 0.32 m/s; n ϭ 15). Due to the resolution limit of the light microscope, the nature of the fluorescent dots and blobs, and their relationship to each other, is presently unclear, but it is clear that they represent only a very small proportion of the total moving protein.
DISCUSSION
We have demonstrated the movement of filaments containing GFP-tagged neurofilament protein in photobleached axons of cultured rat sympathetic neurons. The filaments moved in a rapid, infrequent, bidirectional, and highly asynchronous manner, which is similar to previous observations by ourselves and others (Wang et al., 2000; Roy et al., 2000) obtained on naturally occurring gaps in the axonal neurofilament array. Table 1 shows a detailed comparison of these data. It can be seen that there is broad similarity in the speed and directionality of movement and in the average proportion of time spent pausing. The frequency of movement was higher in the study of Roy et al. (2000) , but this is probably because those authors used a different calculation method that excluded axons that exhibited no movement during the observation period (Mark Black, personal communication). The average length of the filaments was also approximately twice that observed by Roy et al. (2000) , but the reason for this difference is unclear.
Due to the diffraction-limited resolution of the light microscope, we cannot be sure whether the moving filaments represent single neurofilaments or two or more neurofilaments bundled together. Nevertheless, our data demonstrate that neurofilament movement is not unique to naturally occurring gaps in the axonal neurofilament array and that these polymers move with comparable kinetics in regions of the axon that contain other neurofilaments. In addition, the data demonstrate that there was no significant perturbation of the axonal transport mechanisms caused by the photobleaching procedure.
Why Did Previous Photobleaching Studies Not Reveal Movement?
Our data demonstrate that fluorescence photobleaching can reveal the axonal transport of neurofilament polymers if care is taken to ensure that rapid asynchronous movements can Figure 3 . Anterograde movement of a long fluorescent filament (7.3 m in length) through the photobleached region of an axon. The images shown here were selected from a time-lapse movie in which images were acquired at 4-s intervals. The white arrowheads mark the leading and trailing ends of the filament. The filament moved rapidly into the photobleached region at an average velocity of 0.44 m/s. Subsequently, the filament paused for 6 min and then moved out of the photobleached region in the same direction (not shown). The complete movie can be viewed online at www. molbiolcell.org. Note that this filament exhibited uneven incorporation of GFP-NFM, resulting in fiduciary marks along its length that are reminiscent of the fluorescent speckles described by others (Waterman-Storer and Salmon, 1998). The fact that these speckles maintained a fixed position relative to the ends of the filament indicates that the movement cannot be accounted for by a treadmilling phenomenon, such as has been described for microtubules and microfilaments in other cell types. and distal is right. Scale bar ϭ 5 m. Video: Time compression ϭ 24:1.
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Vol. 12, October 2001be detected. The key elements of our experimental strategy are as follows: 1) the use of thin axons, which can be bleached sufficiently to allow the detection of the moving polymers without causing photodamage; 2) the use of short time-lapse intervals, which enables the observation of rapid movements; and 3) the use of long bleached regions, which enables entire filaments to be observed while they are moving. In recent years, fluorescence photobleaching appears to have fallen into disfavor for studies on slow axonal transport because of the repeated failure of studies that have used this technique to detect movement (see INTRODUCTION). Our data indicate that the failure of those studies may not have been due to the photobleaching technique per se, but the manner in which it was used. Specifically, we propose that previous photobleaching studies were unable to detect the movement of axonal neurofilaments because they were designed with the expectation of a slow and synchronous movement, and consequently no special effort was made to ensure that rapid and asynchronous movements could be detected (Brown, 2000) . If performed in the manner that we describe, fluorescence photobleaching may actually prove to be a powerful tool for studies on slow axonal transport, and one that may be capable of detecting the axonal transport of other cytoskeletal and cytosolic proteins in addition to neurofilaments.
Fluorescence Recovery After Photobleaching
Previous photobleaching studies on cytoskeletal proteins in axons have observed that the bleached zone gradually recovers its fluorescence. This recovery has been assumed to reflect exclusively the "turnover" of cytoskeletal polymers (i.e., the diffusion of fluorescent cytoskeletal subunits into the bleached region and the exchange of these fluorescent subunits with bleached subunits in the polymers). For example, Hirokawa and colleagues have used laser photobleaching to investigate the turnover of neurofilament polymers in axons of cultured neurons. The average half-time of recovery was ϳ 34 min for NF-L and ϳ 19 min for NF-H (Takeda et al., 1994) , but the recovery was more rapid in growing axons than in nongrowing axons . These data indicated that neurofilaments are dynamic polymers and that the dynamics are modulated by the rate of axonal growth. We have not investigated the recovery of fluorescence after photobleaching in our experimental system, but our observations on the motile behavior of neurofilaments suggest that pausing of fluorescent filaments in the bleached region could contribute to this fluorescence recovery. An example of this can be seen in movie 1 of Wang et al. (2000) , in which two neurofilaments moved into a naturally occurring gap in the axonal neurofilament array and then paused, filling the gap almost entirely. If the movement of neurofilaments could contribute to the recovery of fluorescence after photobleaching, then it is possible that neurofilaments may turn over more slowly than previously thought, and that differences in the rate of recovery in growing and nongrowing axons could reflect differences in axonal transport in addition to differences in assembly dynamics. Thus, we believe that caution should be exercised in making inferences about neurofilament assembly dynamics based on the rate of fluorescence recovery after photobleaching, unless the relative contributions of transport and turnover to the recovery are known. The lengths of 64 filaments that moved. The other six filaments that moved could not be measured because both ends were never visible in the same image. Figure 6 . Folding and unfolding of a fluorescent filament. A short filament is shown that moved into the photobleached region of an axon and then paused and appeared to fold and unfold. The images shown here were selected from a time-lapse movie in which images were acquired at 4-s intervals. The filament appears to fold up on itself by anterograde movement of a filament end (0-20 s), then unfold by anterograde movement of a filament end (20-28 s), and then fold up on itself again by retrograde movement of the same filament end (28-44 s). The fluorescent blob (at 20 s) measured 0.55 m wide and 1.14 m long. The filament behaves as though it is tethered at one end, with the other end oscillating bidirectionally about that tethered point. The white arrowheads mark the moving end of the filament. A movie of this movement can be viewed online at www.molbiolcell.org. Proximal is left, and distal is right. Scale bar ϭ 2.5 m. Video: This filament was also unusual in its appearance in that it had a central region that did not contain GFP-NFM, giving the appearance of two filaments separated by a gap (not apparent in the sequence shown above). We cannot exclude the possibility that this represented two separate filaments, but we believed that it most likely represented a single filament because the two fluorescent segments moved perfectly in tandem, both before and after the pause. Note the rapid anterograde movement of a second filament through the bleached region, passing the pausing filament, and the rapid retrograde movement of a third and fourth filament into the distal portion of the bleached region toward the end of the movie. Time compression ϭ 24:1.
Comparison of Laser and Nonlaser Photobleaching Methods
Most photobleaching studies on slow axonal transport have used lasers to bleach the fluorescence, with radiant intensities ranging from 2.7 to 60 MW/m 2 and exposures ranging from 8 to 300 ms. In the present study, we used a standard mercury arc lamp with a lower radiant intensity of 600 kW/m 2 and longer exposures ranging from 12 to 60 s. Such exposures are clearly far too long for FRAP studies on diffusion, but they do not appear to be a problem for studies on slow axonal transport because of the infrequent and highly asynchronous nature of the movement. In addition, our approach also has a practical advantage in that it can be performed with a conventional epifluorescence microscope (at a fraction of the cost of laser bleaching equipment), and the size of the bleached zone can be adjusted readily because it is determined by an aperture diaphragm rather than by a fixed lens. Thus, while lasers clearly offer the advantage of higher radiant intensities and shorter bleaching times, they are not essential for photobleaching studies on slow axonal transport.
Neurofilament Proteins Move Predominantly as Assembled Polymers
In the present study, 79% of the fluorescent structures that moved through the photobleached regions were fluorescent filaments, ranging from 0.7 to 15.8 m in length. The remaining 21% of the moving structures were punctate fluorescent blobs and dots, but due to their small size these structures represented Ͻ 3% of the total fluorescent neurofilament protein that moved. In addition, these structures also moved almost exclusively in a retrograde direction. Thus neurofilament polymers represented Ն 97% of the total moving neurofilament protein in these axons, and Ͼ 99% of the neurofilament protein that moved anterogradely.
The nature and physiological significance of the fluorescent dots and blobs is presently unclear. These structures were more numerous in the present study on photobleached axons (21%) than in our previous study on naturally occurring gaps (5%; see Wang et al., 2000) , but they do not appear to be an artifact of the photobleaching process because most of them (15 of 19) originated outside of the photobleached gap and moved into the gap after the bleaching exposure. The fact that we observed more of these structures in our present study could reflect regional differences within the neurons. Our previous study was performed in the most distal regions of the axonal arbor where the axons are thinnest (Wang et al., 2000) , whereas in the present study we were not limited to axons that were quite so thin, and thus we generally observed movement in more medial regions of the axonal arbor.
The movement of punctate structures containing neurofilament protein also has been observed in NB2a/d1 neuroblastoma cells by Shea and colleagues (Yabe et al., 1999; Yabe et al., 2001) and in extruded squid axoplasm by Goldman and colleagues (Prahlad et al., 2000) . Both groups have proposed that these punctate structures may represent nonfilamentous precursors of neurofilament assembly that are transported along axons in a non-membrane-bound form, which perhaps is analogous to the nonfilamentous vimentin dots that have been observed to move in spreading nonneuronal cells (Prahlad et al., 1998) . However, the relationship between the punctate structures observed by the Goldman and Shea labs and the dots and blobs observed in our studies remains to be established. Our observations indicate that filamentous structures can fold up into blob-shaped structures, so it is possible that the blobs could represent short neurofilament polymers that have folded or looped back on themselves during their movement along the axon. On the other hand, it is also possible that the dots and/or blobs could represent autophagosomes, which can incorporate cytoskeletal proteins and have been shown to move in a predominantly retrograde direction in axons of cultured nerve cells (Hollenbeck and Bray, 1986; Hollenbeck, 1993; Chang et al., 1999) .
The form in which cytoskeletal proteins move in axons has been the subject of controversy for many years (Baas and Figure 7 . Movement of a punctate fluorescent dot within a photobleached axon. The images shown here were selected from a time-lapse movie in which images were acquired at 4-s intervals. The dot measured 0.3 m in diameter, which is approximately equal to the diffraction-limited resolution of the light microscope, and moved retrogradely at an average rate of 0.25 m/s. A movie of this movement can be viewed online at www.molbiolcell.org. The white arrowheads mark the location of the dot. Together with the fluorescent blobs, the punctate fluorescent dots represented Ͻ 3% of the total fluorescent protein that moved (see text). Proximal is left, and distal is right. Scale bar ϭ 2.5 m. Video: The dot moved rapidly at first, then paused and jiggled backward and forward, exhibiting alternating anterograde and retrograde movements. Such erratic behavior was not unusual for the fluorescent dots. Time compression ϭ 24:1. Brown, 1997; Hirokawa et al., 1997) . Some have argued for the movement of assembled polymers (Tytell et al., 1981; Lasek et al., 1984; Lasek, 1986; Terasaki et al., 1995; Ahmad and Baas, 1995; Yu and Baas, 1995; Yu et al., 1996; Slaughter et al., 1997; Ahmad et al., 1998; Galbraith et al., 1999) , whereas others have argued for the movement of subunits or small oligomers (Bamburg et al., 1986; Sabry et al., 1995; Takeda et al., 1995; Terada et al., 1996; Funakoshi et al., 1996; Miller and Joshi, 1996; Galbraith et al., 1999; Chang et al., 1999; Terada et al., 2000) . It is possible that neurofilament proteins could be transported in both filamentous and nonfilamentous forms in axons, but our observations (Wang et al., 2000 ; present study) and those of Roy et al. (2000) on GFP-tagged neurofilament proteins suggest that neurofilament polymers are the predominant form in which these proteins are transported, at least in cultured rat sympathetic neurons.
How Do Neurofilament Polymers Move in Axons?
The rapid rate at which neurofilaments move in axons suggests that these polymers could be conveyed by molecular motor proteins similar to those that move membranous organelles in fast axonal transport. In support of this, dynein, dynactin, and several putative kinesin-related proteins all have been shown to copurify with the neurofilaments from bovine spinal cord, and antibodies and pharmacological inhibitors of dynein have been shown to partially inhibit the movement of neurofilaments along microtubules in vitro (Shah et al., 2000) . Kinesin also has been shown to colocalize with motile punctate structures containing neurofilament protein in NB2a/d1 neuroblastoma cells (Yabe et al., 1999) and in extruded squid axoplasm (Prahlad et al., 2000) . These observations lend support to the possibility that axonal neurofilaments (and also perhaps other neurofilament proteincontaining structures) may move along microtubules, propelled by the action of dynein-and kinesin-related proteins. Precedent for such a motile mechanism comes from studies on vimentin, which associates with microtubules in a kinesin-dependent manner (Gyoeva and Gelfand, 1991; Liao and Gundersen, 1998; Kreitzer et al., 1999) and is believed to be transported along microtubules by kinesin in nonneuronal cells (Prahlad et al., 1998) . Thus, the principal difference between fast and slow axonal transport may not be the motile mechanism per se, but rather the frequency of movement and the nature of the cargo (Brown, 2000) .
The significance of the retrograde movement of neurofilaments in axons is presently unclear. It is possible that there are distinct populations of anterogradely and retrogradely moving neurofilaments, as has been proposed by Griffin and colleagues (Glass and Griffin, 1991; Watson et al., 1993; Glass and Griffin, 1994) , but experiments on the accumulation of Roy et al. (2000) This article
Direct comparison of these data is possible because all three studies used very similar criteria for their analyses. Net velocity (excluding pauses) was calculated by averaging all the anterograde and retrograde movements, considering anterograde movements as positive velocities and retrograde movements as negative velocities. Direction of movement refers to the net direction of movement for the period that the filament was tracked. To calculate the average time spent pausing, the number time intervals in which the filaments moved Ͻ 0.0685 m/s was divided by the total number of time intervals.
axonally transported neurofilament proteins at axonal constrictions indicate that any net retrograde component does not exceed 5% of the total transported protein (Koehnle and Brown, 1999) . This suggests that many of the retrogradely moving neurofilaments that we observed eventually reversed direction and moved in a net anterograde direction.
We were unable to test this hypothesis directly because we could only track filaments for short periods of time, but our analyses do indicate that sustained reversals were actually relatively rare. For example, we observed a total of 156 min of movement for the 72 filaments that we analyzed, yet we did not observe a single reversal that was sustained for more than 4.1 m or 5 s. Even when the movement of a neurofilament was interrupted by a prolonged pause, the direction of movement after the pause was almost always the same as the direction of movement before the pause. These observations suggest that most neurofilaments have a preferred direction of movement that can persist for many minutes regardless of whether the filament moves or pauses. One possible explanation for this behavior is that neurofilaments may be capable of forming persistent associations with motor proteins of a particular directionality. Whether such associations exist and how they might be regulated are intriguing questions for future study. A striking feature of the movement of neurofilaments in axons, which is confirmed by the present study, is that these polymers spend most of their time not moving. For example, in the present study the filaments that we tracked spent 67% of their time pausing, and this is likely to be an underestimate for the entire neurofilament population because we restricted our analyses to filaments that moved and excluded filaments that remained paused throughout the entire observation period. In fact, comparison of the average rate of movement of neurofilaments with the average rate of movement of slow axonal transport (obtained from radioisotopic pulse labeling studies) suggests that neurofilaments may actually spend as much as 99% of their time pausing during their journey along the axon (Brown, 2000) . This has important implications for the mechanism of slow axonal transport because it indicates that the overall transport rate is determined not only by the rate at which the filaments move, but also the proportion of their time that they spend moving. Thus, while it is clearly important to understand the molecular mechanism of movement, a complete understanding of the mechanism of slow axonal transport will also require an understanding of the molecular mechanism of pausing.
